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Abstract 


Invention and development of the Yagi-Uda antenna in Tohoku 
University, Japan are described. Communication experiments in 
VHF and UHF frequency bands using transmitter and receiver 
developed in the same university as well as the Yagi-Uda antenna 
are also presented. Then, self-complementary antennas, which is 
the frequency independent antenna invented in Tohoku University 
are described. Analysis methods of large loop antennas is also 
presented. 


Index terms: Directive short-wave antenna, Yagi-Uda antenna, 
self-complementary antenna, constant impedance, log-periodic 
structure, large loop antenna, twin loop antenna, IEEE Milestone 
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History of Tohoku University 


Tohoku University composed of School of Science and School of 
Agriculture was founded as the third national university (imperial 
university) in 1907. 


School of Engineering composed of Department of Mechanical 
Engineering, Department of Electrical Engineering, and Applied 
Chemistry was founded in 1919. 


History of Laboratory of Electromagnetic Wave 
in Tohoku University 
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Hidetsugu YAGI Shintaro UDA  Yasuto MUSHIAKE Saburo ADACHI 
(1886-1976) (1896-1976) (1921-, 96 years old) (1930-2015) 


Kunio SAWAYA Qiang CHEN 
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Invention and development of Yagi-Uda antennas 


3. 


S. Uda, “On the wireless beam of short electric 
waves,” J. IEEJ, No. 450, p. 1128, Dec. 1925 (in 
Japanese). 

H. Yagi and S. Uda, “Projector of the Sharpest 
beam of electric waves,” Proc. Imperial Academy 


The first report describing methods to 
obtain a sharp beam by using parasitic 
elements was published by Uda of 
Tohoku University, Japan in 1925 [3] 
Details of the geometry of the Yagi-Uda 





antenna were reported by Yagi and Uda in Hidetsugu ad 
1926 [4]. (1886-1976) 





Japan, Vol. 2, No. 2, pp. 49-52, 1926. Shintaro UDA 


(1896-1976) 


Geometry of Yagi-Uda Antenna 


E Director elements 


NISIN 


N MERR Exciting element 
ESSET Reflector elements 


© 
CO» ooooooooo 
© 


Reflector elements had already been used for directional antennas. 
Wave directing effects of director elements had not been reported. 








Be e o mt 


11. 


12. 


13. 


14. 


15. 


Reports on Yagi-Uda Antenna 


Uda performed numerous experiments on antennas having many parasitic elements 


with varying their length and numbers and published eleven papers entitled “On 


the wireless beam of short electric waves” in Journal of IEE Japan in 1926-29. 





S. Uda, "On the wireless beam of short electric waves (1)," J. IEEJ, No. 452, pp. 273-282, March 1926. 

S. Uda, "On the wireless beam of short electric waves (II)," J. IEEJ, No. 453, pp. 335-351, April 1926. 

S. Uda, "On the wireless beam of short electric waves (III)," J. IEEJ, No. 456, pp. 712-724, July 1926. 

S. Uda, "On the wireless beam of short electric waves (IV)," J. IEEJ, No. 462, pp. 26-51, Jan. 1927. 

S. Uda, “On the wireless beam of short electric waves (V) —High angle radiation of short wave beam —," J. IEEJ, No. 
462, pp. 52-62, Jan. 1927. 

S. Uda, "On the wireless beam of short electric waves (VI) — Direction control of the beam—," J. IEEJ, No. 465, pp. 
396-403, April 1927. 

S. Uda, "On the wireless beam of short electric waves (VII) —A new electric wave projector —," J. IEEJ, No. 467, pp. 
623-634, June 1927. 

S. Uda, "On the wireless beam of short electric waves (VIII) — Horizontally polarized wave projector —," J. IEEJ, No. 
471, pp. 1092-1100, Oct. 1927. 

S. Uda, "On the wireless beam of short electric waves (IX) —The effects of wave reflector and director on sending 
antenna—," J. IEEJ, No. 467, pp. 1201-1219, Nov. 1927. 

S. Uda, “On the wireless beam of short electric waves (X) —High angle radiation of horizontally polarized waves —," 
J. IEEJ, No. 477, pp. 395-405, April 1928. 

S. Uda, “On the wireless beam of short electric waves (XI) — Propagation of a few meter waves —," J. IEEJ, No. 492, 
pp. 755-770, July 1929. 


Example of radiation pattern of multi-element Yagi-Uda antenna 
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N Number of director elements 
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11. S. Uda, “On the wireless beam of short electric waves Sone 
(VII) — A new electric wave projector — ," J. IEEJ, Noe 19275, BAPANE) 
467, pp. 623-634, June 1927 (in Japanese). 





Example of radiation pattern of multi-element Yagi-Uda antenna 





11. S. Uda, "On the wireless beam of short electric waves (1927, HS Re oe ete) 
(VII) — A new electric wave projector — ," J. IEEJ, No. 
467, pp. 623-634, June 1927. 


IRE Paper by Prof. Yagi 


* [n 1927, Prof. Yagi visited the United States and lectured at several meetings 
on the experimental results of Yagi-Uda antenna and UHF generating split- 
anode magnetron tube invented by Okabe of Tohoku University. 


e Yagi also published a paper in the Proceedings of IRE in 1928. 

16. H. Yagi, “Beam Transmission of Ultra Short Waves,” Proc. IRE, Vol. 16, No. 6, 
pp. 715-741, June 1928. 
(Reprint appeared in Proc. IEEE, vol. 72, no. 5, pp. 634-645, May 1985). 


e Yagi-Uda antennas were recognized as a useful antenna for VHF and UHF 
because of the simple but high gain property and were used for radar systems 


in Europe and America. 


e However, little attention was paid to the Yagi-Uda antenna in Japan for radars. 


Invention of split-anode magnetron tube 


e Albert W. Hull had first invented magnetron 
in 1921, but the generated power was low. 

e Okabe in Tohoku University invented the 
split-anode magnetron tube, which can 
generate high power EM wave in VHF and 
UHF bands. 


| t 
| | f | [Magnetic field Kinjiro OKABE 
(1896-1984) 








Electrical Engineering Milestone 


e IEEE sent the Electrical Engineering Milestone entitled 
“Directive Short-Wave Antenna” to Tohoku University, Japan 
for the outstanding achievement by Yagi and Uda in 1995. 

e This is the 


m eee 


ELECTRICAL ENGINEERING MILESTONE 
DIRECTIVE SHORT-WAVE ANTENNA 


IN THESE LABORATORIES, BEGINNING IN 1924, PROFESSOR HIDETSUGU 
YAGI AND HIS ASSISTANT, SHINTARO UDA, DESIGNED AND 
CONSTRUCTED A SENSITIVE AND HIGHLY-DIRECTIONAL ANTENNA 
USING. CLOSELY-COUPLED PARASITIC ELEMENTS. THE ANTENNA, 
WHICH IS EFFECTIVE IN THE HIGHER-FREQUENCY, RANGES, HAS BEEN 
IMPORTANT. FOR RADAR, TELEVISION, AND AMATEUR RADIO. 


JUNE 1995 


e INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS 





Development of VHF transmitter and receiver 


HOKKAIDO 


After the invention of Yagi-Uda 
antenna, Uda started research and 


development of transmitters and 
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17. S. Uda, B. Obara, I. Arisaka, and T. Seki, G- SENDAI 
“Communication tests on ultra short waves 
between small islands and main land,” J. IEEJ, KOMATU 
TOKYO 
No. 532, pp. 868-872, Nov. 1932 (in Japanese). "$ NG HONSHU E 
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Communication experiments at 65 MHz and 53MHz 


e Uda succeeded in communication experiments at 65 MHz and 53 
MHz for a distance of about 50 km in 1931. 

e These transmitters and receivers using Yagi-Uda antennas were 
put into police radiotelephone systems between main-land Japan 
and Sado Island in 1933. 








(JE About 50 km 
Sado Island Le] 8| HT 
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Japan Sea 


Communication experiments at 38 MHz 


¢ Uda also succeeded in communication experiments at 38 MHz 
for a distance of about 40 km in 1932. 

* These transmitters and receivers using the Yagi-Uda antennas 
were put into public services of radio wave telecommunication 
systems between Sakata City and Tobishima Island in 1933. 
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Tobishima Island 





Development of UHF transmitters and receivers 


HOKKAIDO 
Uda also performed the development l o 
| SAPPORO a 
of transmitters and receivers in the | 
= oe 
UHF frequency range. | wmonét BA] AOMORI 
18. S. Uda, “Radiotelegraphy and radiotelephony on E 
half-meter waves," Proc. IRE, vol. 18, no. 6, pp. ese “SEND Al 
1047-1063, June 1930. 
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Communication experiments at 600 MHz 


Uda succeeded in a communication experiment at a distance of 
about 30 km operating at 600 MHz in 1929, which was the 


world’s longest record in the UHF radio communication. 
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Sendai City 


Replicas of transmitters and receivers 
using Yagi-Uda antennas 











600 MHz tranceiver 600 MHz receiver. 
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Duality property between electromagnetic fields 
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Babinet's principle to electromagnetic fields 


Symmetric Anti-symmetric 
electric magnetic 
currents 
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Slot antenna and complementary planar dipole antenna 


Eo, Lo 





(a) Slot antenna fed (b) Slot antenna fed by (c) Planar antenna fed by 
by electric current. magnetic current. electric current. 


Relation of input impedance between slot antenna 
and complementary planar antenna 





Mushiake found the relation of input impedance between slot antenna and 





complementary planar antenna. 2 
b b I Z,5 Zo 2 (3) 
Vi =-f E-ds =| H, -ds = Ż Z 
2 
V, — -| E, -ds = -Zọ | H, -ds = a ZsZa = (Zo 127 er (607 = (188) 


19. Y. Mushiake, “The input impedances of slit antennas,” J. IEE Japan, Vol. 69, 
No. 3, pp. 87-88, Mrch 1949 (in Japanese). 


Slot antenna and complementary planar antenna 


Z,Zj -(Z)12Y z (607) z(188Y1 9) 








Eq. (3) had been already obtained in Japan to obtain the input 
impedance of slit antennas earlier than the paper of Booker [20] as 
pointed out by [21], and the paper by Asami et al. [22] was a more 
detailed report of the unpublished earlier paper. 


20. H. G. Booker, “Slot aerials and their relation to complementary wire aerials,” Proc. IEE, pt. 
IIIA, Vol. 90, No. 4, pp. 620-629, April 1946. 

21. Y. Mushiake, “A report on Japanese development of antennas: from the Yagi-Uda antenna to 
self-complementary antennas,” IEEE Antennas Propagat. Magazine, Vol. 46, No. 4, pp. 47-60, 
Aug. 2004. 


22. Y. Asami, T. Matsumoto, and S. Matsuura, “Study on the slit aerials,” J. IEE Japan, Vol. 67, No. 
9, pp. 150-153, Sep. 1947 (in Japanese). 


Slot antenna and complementary planar antenna 


Structures reported in_ these 
papers had been restricted for the 
thin slot antennas and the thin 
wire antennas. 





Thin slot antenna and thin wire antenna 


Eq. (3) derived by Mushiake does 
not have such limitation and can 
be applied for slot antennas and 
planar antennas with arbitrary 
shape. 


Slot antenna and planar antenna with 
arbitrary shape 


Self-complementary structure and the Mushiake Relationship 


Planar dipole antenna Complementary slot antenna 


Planar dipole antenna is exactly the same to the complementary 
slot antenna 


The Mushiake Relationship 


E Letonia] 


Independent of frequency 


Lita sis, 





Examples of self-complementary antennas 


There is an infinite variety of self-complementary structures 
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(a)Balanced type vvith “teeth-type” (b)Unbalanced type vvith notches 
structure. and monopoles. 


Z,, ~ 607 = 188 Q 


23. Y. Mushiake, “Self-complementary antennas,” IEEE Antennas Propagat. Magazine, Vol. 34, No. 6, pp. 
23-39, Dec. 1992. 

24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 


Examples of self-complementary antennas 


There is an infinite variety of self-complementary structures 





Zin, ~ 607 = 188 Q 


(c) Archimedean-spiral structure. (d)Alternate-leaves structure. 


24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 


Examples of self-complementary antennas 


Sophisticated shape of self-complementary antennas 
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24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 





Example multi-terminal self-complementary antenna 


Ring connection 


Phase difference = 90 degrees 


V, =V, e| i56. 5-12,3,4 
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24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 


Example multi-terminal self-complementary antenna 


Star connection 


Phase difference = 90 degrees 


V; -Viexp| j2G -D s=1,2,3,4 





24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 


Example of three-dimensional self-complementary antenna 





Zin © 307 794 Q 


24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 


Example of modified self-complementary antenna 





Zin © (2 302 ~133Q 


24. Y. Mushiake, “Self-Complementary Antennas —Principle of Self-Complementarity for Constant 
Impedance,” Springer-Verlag, London, 1996. 


Examples of modified self-complementary antenna 


Stacked monopole-notch array antenna 
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24. Y. Mushiake, “Self-Complementary Antennas -Principle of Self-Complementarity for Constant 
Impedance," Springer-Verlag, London, 1996. 


Modified self-complementary antenna having log-periodic structure 






= 


—7-: Const 





Self-complementary antenna with — Modified self-complementary 


log-periodic planar structure antenna with log-periodic 
planar structure 


25. R. H. DuHamel and F. R, Ore, "Logarithmically periodic antenna 
design,” 1958 IRE Nat. Conv. Record, pt. 1, pp. 139-151, March1958. 


Self-complementary antenna having log-periodic shape 





Planar structure 


25. R. H. DuHamel and F. R, Ore, “Logarithmically Folded st t NT 
periodic antenna design," 1958 IRE Nat. Conv. si sh SUUE ure . AVS 
Record, pt. 1, pp. 139-151, March1958. directional radiation pattern 


Self-complementary antenna having log-periodic shape 
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Folded planar structure Wire structure 


25. R. H. DuHamel and F. R, Ore, "Logarithmically periodic antenna 
design," 1958 IRE Nat. Conv. Record, pt. 1, pp. 139-151, March1958. 


Self-complementary antenna having log-periodic shape 
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Feed 


Driving point 


VVire structure Log-periodic dipole array (LPDA) 


26. D. E. Isbell, “Log periodic dipole arrays,” IRE Trans. Antennas 
Propagat., Vol. AP- 8, No. 3, pp. 260-267, May 1960. 


Log-periodic dipole array (LPDA) 







Coaxial 
cable 


Feed 


Driving point 


LPDA has been widely used for ultra-wide frequency operation in 
communications, TV reception and measurements, especially in the EMC 
measurements. 


Input impedance of LPDA 


Comparison of numerical data by method of moments and 
experimental results [27]. 


12 elements, 600 — 20000 MHz 
Experiment 


Input impedance [Q] 


T = 0.89, 0 = 0.048, a =30° 





600 800 1000 1200 1400 1600 1800 2000 
Frequency [MHz] 
27. D. Kim, S. Yamaguchi, Q. Chen, K. Sawaya, “Bandwidth of phased array antennas using 
LPDA elements,” Tech. Rep. IEICE AP2001-30, May 2001. 


Modified 4-terminal self-complementary antenna for very 
wideband receiving system in radio astronomy 





(a) (b) 


28. G. Cortés-Medellin, “Non-planar quasi-self-complementary ultra-wideband feed antenna,” 
IEEE Trans. Antennas Propagat., Vol. 59, No. 6, pp. 1935-1944, June 2011. 


High-Tc YBCO superconducting film for wide-band 
microwave radiation and sensing 


Tr 








Josephson 
Junction 


nur. 


29. K.-Y. Kang, I. Song, Y. S. Ha, S.-K. Han, and G. Y. Sung, “Microwave radiation and sensing of 
Josephson junction with the log-periodic toothed trapezoid antenna of high Tc superconducting films,” 
IEEE Trans. Applied Superconductivity, Vol. 9, No. 2, pp. 3074-3076, June 1999. 


IEEE Milestone 


In 2017, IEEE dedicated IEEE Milestone to Tohoku 
University. 


This is the second milestone dedicated to Tohoku 
University and 33' milestone dedicated to Japan 


IEEE MILESTONE 


Discovery of the Principle of Self-Complementarity in Antennas 
and the Mushiake Relationship, 1948 


In 1948, Professor Yasuto Mushiake of Tohoku University discovered that 
antennas with self-complementary geometries are frequency independent, 
presenting a constant impedance, and often a constant radiation pattern, 
over very wide frequency ranges. This principle is the basis for many very- 
wide-bandwidth antenna designs, with applications that include television 
reception, wireless broadband, radio astronomy, and cellular telephony. 


July 2017 


4 IEEE 





Discovery of the Principle of Self-Complementarity in 
Antennas and the Mushiake Relationship, 1948 


In 1948, Prof. Yasuto Mushiake of Tohoku University discovered 
that antennas with self-complementary geometries are frequency 
independent, presenting a constant impedance, and often a 
constant radiation pattern over very wide frequency ranges. This 
principle is the basis for many very-wide-bandwidth antenna 
designs, with applications that include television reception, 
wireless broadband, radio astronomy, and cellular telephony. 


IEEE MILESTONE 


Discovery of the Principle of Self-Complementarity in Antennas 
and the Mushiake Relationship, 1948 


In 1948, Professor Yasuto Mushiake of Tohoku University discovered that 
antennas with self-complementary geometries are frequency independent, 
presenting a constant impedance, and often a constant radiation pattern, 
over very wide frequency ranges. This principle is the basis for many very- 
wide-bandwidth antenna designs, with applications that include television 
reception, wireless broadband, radio astronomy, and cellular telephony. 


July 2017 
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Dedication Ceremony was held at the Westin 
Sendai on July 27, 2017 
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Small loop antenna 


* Prior to the 1950’s, loop antennas were used in low frequency 
range as infinitesimal magnetic dipole. 

* Maximum radiation occurs in the direction perpendicular to the 
axis of loop for the case of electrically small loop antenna. 


27b << À À :wavelength 


: P (7, 8, 9) 





One wavelength loop antenna 


e Adachi proposed rigorous treatment of loop antenna and 
found that a large loop antenna having a conducting wire of 
one wavelength has maximum radiation in the axial direction. 
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2a 
30. S. Adachi and Y. Mushiake, “Theoretical formulation for circular loop 


antennas,” Sci. Rep. Research Institute of Electrical Communication, 
Tohoku Univ., B, vol. 9, no. 1. pp.9-18, May 1957. x 


31. 


Twin loop antennas 


Because of the high directivity, one 

wavelength loop antennas are used 

as elements in arrays such as the One wavelength 
Yagi-Uda loop array antenna and the 100p antenna 
log-periodic loop array antenna. 

Twin loop antenna is a type of 

antennas using one wavelength loop Half wavelength 
antennas, which have only one 

driving point but has high gain and 

wide bandwidth. 


K. Endo, Y. Endo, and H. Okamura, “Stacked loop antenna for UHF 
television broadcasting,” J. Inst. Television Engineers (ITE) Japan, vol. 
18, no. 5, pp. 281-287, May 1964 (in Japanese). 
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Dr. Koichi TANAKA 


Prof. Adachi was the supervisor of Dr. 
Koichi TANAKA (received the Nobel 
Prize in Chemistry 2002) 





Conclusion 





e Invention and development of the Yagi-Uda antenna 


and self-complementary antenna are described. 
e Development of VHF/UHF transmitters and 


receivers using Yagi-Uda antennas is presented. 


e Analysis of the large loop antennas is also presented. 


ELECTRICAL ENGINEERING MILESTONE 
DIRECTIVE SHORT-WAVE ANTENNA 


IN THESE LABORATORIES, BEGINNING IN 1924, PROFESSOR HIDETSUGU 
YAGI AND HIS ASSISTANT, SHINTARO UDA, DESIGNED AND 
CONSTRUCTED A SENSITIVE AND HIGHLY-DIRECTIONAL ANTENNA 
USING CLOSELY-COUPLED PARASITIC ELEMENTS. THE ANTENNA, 


WHICH IS EFFECTIVE IN. THE. HIGHER-FREQUENCY RANGES, HAS BEEN 


IMPORTANT FOR RADAR, TELEVISION, AND AMATEUR RADIO. 
JUNE 1995 
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and the Mushiake Relationship, 1948 


In 1948, Professor Yasuto Mushiake of Tohoku University discovered that 
antennas with self-complementary geometries are frequency independent, 
presenting a constant impedance, and often a constant radiation patterm, 
over very wide frequency ranges. This principle is the basis for many very- 
wide-bandwidth antenna designs, with applications that include television 
reception, wireless broadband, radio astronomy, and cellular telephony. 
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